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PACS numbers:
Improved control of the motional and inter-
nal quantum states of ultracold neutral atoms
and ions has opened intriguing possibilities for
quantum simulation and quantum computation.
Many-body effects have been explored with hun-
dreds of thousands of quantum-degenerate neu-
tral atoms1 and coherent light-matter interfaces
have been built2,3. Systems of single or a few
trapped ions have been used to demonstrate uni-
versal quantum computing algorithms4 and to de-
tect variations of fundamental constants in preci-
sion atomic clocks5.Until now, atomic quantum
gases and single trapped ions have been treated
separately in experiments. Here we investigate
whether they can be advantageously combined
into one hybrid system, by exploring the immer-
sion of a single trapped ion into a Bose-Einstein
condensate of neutral atoms. We demonstrate
independent control over the two components
within the hybrid system, study the fundamen-
tal interaction processes and observe sympathetic
cooling of the single ion by the condensate. Our
experiment calls for further research into the pos-
sibility of using this technique for the continuous
cooling of quantum computers6. We also antic-
ipate that it will lead to explorations of entan-
glement in hybrid quantum systems and to fun-
damental studies of the decoherence of a single,
locally controlled impurity particle coupled to a
quantum environment7,8.
Hybrid systems allow the exploration of physics much
more advanced than that which can be studied using
the component systems alone. In particular, the im-
mersion of distinguishable particles into a quantum liq-
uid has contributed significantly to our understanding
of many-body systems. In liquid helium, for example,
vortex lattices have been observed using charged par-
ticles as markers for the vortex lines9. Moreover, in
conventional10,11 and high-Tc12 superconductors single
impurity atoms lead to quasiparticle excitations which
profoundly affect the superconducting properties. In fu-
ture investigations of distinct single particles in combina-
tion with quantum matter, it will be important to have a
high degree of control over these particles. In this regard,
the excellent control possible over the external and inter-
nal degrees of freedom of a single ion trapped in a Paul
trap is highly promising. Immersed into a quantum gas, a
single trapped ion not only acts as a probe but could also
be used for local manipulation. Numerous applications of
this hybrid system have been foreseen, including sympa-
thetic cooling13, the nucleation of localized density fluc-
tuations in a Bose gas14–16, scanning probe microscopy
with previously unattainable spatial resolution17,18, and
hybrid atom-ion quantum processors19. The majority of
these proposals are based on there being a strong colli-
sional interaction between the ion and the neutral atoms.
The interaction between a single ion and a neutral
atom is dominated by the polarization potential. Asymp-
totically this behaves as20 V (r) = − 1(4πǫ0)2
αq2
2r4 and there-
fore decays more slowly than the van der Waals interac-
tion between two neutral atoms. Here r is the internu-
clear separation, q denotes the charge of the ion, α is the
dc polarizability of the neutral atom, and ǫ0 is the vac-
uum permittivity. The characteristic radius of the inter-
action potential is r∗ =
√
µαq2
(4π~ǫ0)2
in which µ denotes the
reduced mass of the two collision partners. For example,
for neutral 87Rb atoms and 174Yb+ ions r∗ = 271nm. In
the s-wave scattering regime we expect the elastic scatter-
ing cross section to be on the order of σ0 ≈ 4πr∗2. Due
to the slow decay of the polarization potential, pure s-
wave scattering can be reached only at collision energies
in the neV energy range20,21. At higher collision ener-
gies E ≫ ~2µr∗2 , when several partial waves contribute to
scattering, the cross section is still determined by r∗ and
behaves20 σ(E) = π(1 + π2/16)r∗2
(
~
2
µr∗2E
)1/3
.
One particularly valuable application of the strong
atom-ion interaction is sympathetic cooling of the ion
using ultracold atoms. The possibility of cooling objects
by immersing them in an ultracold atomic gas has been
discussed theoretically for ions13, polar molecules22, and
nanomechanical resonators23. The atomic gas provides
a reservoir which is much colder than the motional en-
ergy scales of the trapped ion and, if elastic collisions
dominate, sympathetic cooling24 can be achieved.
We prepare a single trapped ion inside a Bose-Einstein
condensate by combining an ion trap and magnetic and
optical traps for the neutral atoms into one setup (see
Figure 1 and Methods). We employ a linear Paul trap
to trap a single 174Yb+ ion. The neutral atoms are
prepared25, using standard techniques, as an ultracold
but initially non-degenerate gas of neutral 87Rb atoms in
the |F = 2,mF = 2〉 hyperfine ground state in a mag-
netic trap, located 8mm away from the center of the
ion trap. Subsequently, we magnetically transport the
neutral atoms into the ion trapping region and prepare a
Bose-Einstein condensate of approximately 3×104 atoms
in an optical dipole trap several tens of µm away from
the trapped ion.
2FIG. 1: Experimental apparatus. The linear Paul trap (grey)
is sandwiched in between the solenoids (copper) used for mag-
netically trapping the neutral atoms. Initially the neutral
atoms are prepared outside of the ion trap, and subsequently
moved into the ion trap through a bore in the endcap elec-
trode. In the final position, the atoms are loaded into a
crossed-beam optical dipole trap (red) in which the final evap-
orative cooling to Bose-Einstein condensation is performed
(see inset). The drawing is to scale and the distance between
the square magnetic field coils is 36mm.
During the preparation cycle of the neutral atoms
(magneto-optical trapping, magnetic transport and evap-
oration in the magnetic trap), which lasts for 60s, and
before interaction with the ultracold neutral cloud, the
ion is not laser-cooled. Owing to resonant heating from
the radio-frequency radiation used in evaporative cool-
ing of the neutral atoms, the ion reaches a temperature
of 27.5± 0.6K, as measured by laser fluorescence (Meth-
ods). During preparation of the Bose-Einstein conden-
sate in the optical dipole trap, the ion initially partly
overlaps with the large thermal cloud of neutral atoms
at 200nK, for 2 s. After this interaction, the tempera-
ture of the ion is measured by laser fluorescence to be
T < 0.5K, a reading whose precision is limited only by
the resolution of the fluorescence measurement technique.
This signals sympathetic cooling of the ion by the neutral
atom cloud.
In order to observe interactions between an ion and a
Bose-Einstein condensate we quickly move the pre-cooled
ion over a distance of ∆x = 140µm into the center of
the Bose-Einstein condensate. The potential depth of
the optical dipole trap is 1µK which is less than the vi-
brational level spacing of the ion trap potential. There-
fore, every collision will result in a neutral atom loss.
We monitor this loss as a function of the interaction
time. The data are displayed in Figure 2. From the
decay of the atom number we estimate the cross sec-
tion for atom loss to be σal = (2.2 ± 0.2) × 10−13m2
(see Methods). The measured atom loss cross section
allows us to estimate the collision energy between the
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FIG. 2: Atom number loss of a Bose-Einstein condensate due
to collisions with a single ion. The solid line is a fit using a
theoretical model (see Methods) and is used to determine the
cross section σal for neutral atom loss. Each data point is
averaged over approximately 40 repetitions of the experiment
and the standard error is given. The bare atom loss rate
without the ion present has been subtracted.
ion and the neutral atoms and thus the ion temperature
more precisely. An ion trapped in a harmonic oscillator
of frequency ω at a temperature T has an rms spread
in position of
√
kBT/(mionω2ion). Convolving the posi-
tion spread with the theoretical expression for the elastic
scattering cross section σ(E = kBT ) and equating to
the measured result of σal suggests T = (2.1 ± 0.5)mK.
This temperature is comparable to the Doppler temper-
ature limit of laser cooling of TD = 0.5mK. Buffer gas
cooling in the simplified case of a classical gas of hard-
spheres has been predicted26 to reach temperatures of
kBT ≈ mionΩ2d2/2 in which d is the amplitude of the
micromotion in the Paul trap. Comparing the theoreti-
cal estimate with our data suggests a micromotion am-
plitude of approximately 2 nm which is compatible with
our trap parameters. Extrapolating to the limit in which
d → 0 leads to kBT ≈ ~ω, which could enable ground-
state cooling.
We have time-resolved the dynamics of the immersion
cooling process by immersing a hot ion directly into the
Bose-Einstein condensate. For this measurement we par-
tially suppress precooling of the ion in the neutral ther-
mal atom cloud by displacing the ion along a diagonal
direction in the x-y-plane. As a result, the initial tem-
perature of the ion is approximately 4K. Then we quickly
move the ion into the Bose-Einstein condensate, wait for
a variable interaction time, release the neutral atoms,
and measure the ion’s temperature using the fluorescence
method (see Figure 3a). The fluorescence method, al-
though limited in its temperature resolution, is a reliable
and independent method in this temperature range. We
observe sympathetic cooling of the ion in the condensate
on a timescale of a few tens of milliseconds. After 60
3a) b)
Interaction time [ms]Interaction time [ms]
C
o
n
d
e
n
s
a
te
 a
to
m
 n
u
m
b
e
r
T
e
m
p
e
ra
tu
re
 [
K
]
FIG. 3: Time-resolved sympathetic cooling of a single ion. a)
Temperature decrease as a function of the interaction time.
The temperature has been measured by the laser fluorescence
method and the standard deviation of the maximum likeli-
hood estimate is shown. b) Atom loss during sympathetic
cooling. While the ion is hot atom losses are small and the
cooling rate approached 1000 vibrational quanta per collision.
When the ion cools it localizes inside the region of higher den-
sity and the atom loss rate increases. The standard errors are
shown. Each data point is averaged over approximately 200
repetitions of the experiment.
ms, the ion has reached a temperature of T= 0.6±0.7K,
corresponding to a temperature as low as our resolution
limit of this measurement. We simultaneously monitor
the atom loss rate (Fig. 3b). While the ion is hot, atom
losses are very small and we estimate a cooling efficiency
of approximately 1,000 vibrational quanta per collision.
This is very efficient in comparison with laser-cooling, in
which typically only a few quanta are removed per colli-
sion. Furthermore, while the ion is hot the radius of its
trajectory is comparable to the size of the condensate.
As the ion cools, it becomes more strongly localized at
the centre of the condensate and the loss rate of atoms
increases, possibly as a result also of the increase in the
collisional cross-section, σ(E)
Apart from elastic scattering, there are other possible
interaction processes between an ion tightly confined in a
Paul trap and an ultracold neutral atom. Firstly, atoms
and ions can undergo charge exchange collisions13,20,21,27
of the type Yb++Rb→Yb+Rb+ or by creating a charged
molecule Yb++Rb→YbRb+. This process is signaled by
a loss of the Yb+ ion from the ion trap. The choice of our
elements aims at suppressing charge exchange by making
the process off-resonant. Secondly, there are inelastic
collisions due to micromotion of the ion. Collisions in the
presence of this driven oscillation can result in an energy
transfer from the driving electric field to the colliding
partners.
A small charge exchange collision rate is indicated by
a low loss probability of the ion in collisions with the
neutral atoms. The ion loss probability as a function
of the interaction time is shown in Figure 4a, using the
same experimental sequence as for Figure 2. We ob-
serve a linear increase of the ion loss probability with the
interaction time and find that charge exchange is sup-
pressed with respect to elastic collisions by a factor of
6 × 10−6. From this we estimate a loss rate constant
of Kce = (1.4 ± 0.5) × 10−20m3/s, five orders of magni-
tude smaller than in the homonuclear case27 owing to the
large energy gap of 2 eV between the collision channels.
The bare ion loss probability in the measurement inter-
val is 10−4 which we derive from our ion trap lifetime of
8minutes. The results clearly signal the suppression of
charge exchange processes for our choice of elements.
The effect of micromotion on ultracold atom-ion col-
lisions has not been deeply explored so far. For the
classical collision regime, theoretical considerations of
micromotion-induced collisions exist26,28 and its influ-
ence on charge exchange processes has been seen27. We
investigate micromotion effects experimentally by apply-
ing a dc electric field Eoffset to the ion. The electric field
slightly displaces the ion from the geometric center of the
trap and introduces an excess micromotion of amplitude
d ≈ 2.3 nm×Eoffset/(V/m). An ultracold atomic cloud
is then overlapped with the ion and we study atom trap
loss. This set of measurements has been performed with
a thermal atom cloud of approximately 2 × 105 atoms
at 200 nK trapped in a magnetic trap with frequencies
ω⊥,mag = 2π× 28Hz and ωx,mag = 2π× 8Hz. We center
the position of the magnetic trap onto the position of the
displaced ion by applying homogeneous magnetic offset
fields for each value of Eoffset. For the actual measure-
ment we quickly move the ion to the center of the atomic
cloud, hold it there for 8 seconds, and measure the neu-
tral atom loss rate from the cloud. Figure 3b shows our
data for different values of the offset electric field. We
find a clear signature of the effects of inelastic collisions
due to micromotion leading to larger atom loss rates for
increased micromotion with |Eoffset| > 5V/m. We at-
tribute the shape of the curve to the energy dependence
of atom-ion scattering rate which scales ∝ |Eoffset|1/3.
Our results highlight the possibilities for sympathetic
cooling of a single ion using an ultracold atomic bath
to temperatures that are relevant for quantum informa-
tion processing. Cooling qubits by immersion into a su-
perfluid has been predicted to maintain their quantum
coherence and entanglement6. Therefore, atomic Bose-
Einstein condensates may serve as ideal refrigerators for
ion-trap quantum computers. The successful immersion
of a single trapped ion in a Bose-Einstein condensate
makes several new experiments possible. The high degree
of spatial control of a single ion facilitates the manip-
ulation and study of quantum-degenerate samples with
nanometre precision. Resolving single sites in a three-
dimensional optical lattice is within reach17,18 and even
the creation of entanglement between distant lattice sites
seems feasible. The atom-ion interaction is predicted to
be tunable by means of atom-ion Feshbach resonances21.
This will allow fundamental studies of systems compris-
ing a single impurity in a bath, for example the spin-
boson model7 or the bosonic version of Anderson’s or-
thogonality catastrophe29.
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FIG. 4: Inelastic atom-ion collisions. a) Loss probability for
a single ion inside a Bose-Einstein condensate. The time-
dependent part of the loss is attributed to interaction pro-
cesses between atoms and ions. We determine an upper bound
to the charge exchange collision rate from a linear fit to the
data. Every data point is averaged over approximately 170
repetitions of the experiment. b) Micromotion induced atom
losses for a single ion in a magnetically trapped thermal cloud.
The data are averaged over 40 repetitions of the experiment
for each data point and for two different orientations of the
offset electric field. The standard error is given.
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Methods summary
A single 174Yb+ ion is stored in a radio-frequency
Paul trap which creates a three-dimensional harmonic
oscillator potential of characteristic frequencies ω⊥,ion =
2π × 2 · 105Hz and ωx,ion = 2π × 5 · 104Hz. The ion
is cooled and probed by near-resonant laser light. The
laser light is detuned by ∆ = −Γ/2 from the S1/2 → P1/2
transition at a wavelength of 370nm. Γ = 2π × 20MHz
is the linewidth of the atomic transition. The intensity
of the light scattered from the ion is sensitive to the
ion’s velocity which is used to determine the tempera-
ture. An ultracold cloud of neutral 87Rb atoms in the
|F = 2,mF = 2〉 hyperfine ground state is moved into the
ion trapping volume using a time-varying inhomogeneous
magnetic field. There, Bose-Einstein condensates of up
to 3 × 104 atoms are prepared by transferring the neu-
tral atoms into a far-detuned optical dipole trap formed
by two crossed laser beams at 935nm wavelength and
performing forced evaporation by continuously lowering
the trap depth. The final trap frequencies of the optical
trap are ωx,opt = 2π × 51Hz, ωy,opt = 2π × 144Hz,
ωz,opt = 2π × 135Hz.
Methods
A. Ion trapping
The ion is confined in the ponderomotive potential
(pseudo-potential) of a linear Paul trap which is cre-
ated from a very rapidly oscillating electric quadrupole
field. The trap operates at an RF frequency of Ω =
2π×42.7MHz, well above the typical frequencies used in
evaporative cooling of the neutral atoms. The distance
between the ion and the RF electrodes is R = 0.5mm
and the applied voltage of VRF ≈ 250V gives rise to
a radial confinement of ω⊥,ion = 2π × 2 · 105Hz. The
axial confinement is ωx,ion = 2π × 5 · 104Hz. A sin-
gle 174Yb+ ion is loaded into the ion trap by isotope-
selective two-photon ionization30 from a pulsed neutral
Ytterbium atomic beam. Subsequently the ion is laser
cooled on the S1/2 → P1/2 transition at 370 nm. Re-
pumping light is provided at 935 nm to clear population
out of the metastable D3/2 state. We continually cancel
residual dc electric fields, which would result in excess
micromotion of the ion, to better than 0.5V/m using
a photon-correlation technique31. Using the same tech-
nique we establish an upper bound of 7 nm of uncompen-
sated micromotion of the ion along the symmetry axis of
the linear trap.
B. Preparation of Bose-Einstein condensates
We transport the cold, but non-degenerate, neutral
atomic cloud from its initial position into the ion trap by
displacing the potential minimum of the magnetic Ioffe
trap using suitably timed changes of the electrical cur-
rents in the solenoids. The neutral atoms enter the ion
trap through a 700µm wide bore in the end cap elec-
trode, moving along the symmetry axis of the linear ion
trap. Shortly before the neutral atoms arrive at their fi-
nal position we displace the ion by 140µm from its ideal
position. We then load the neutral atoms into an optical
dipole trap formed by two crossed laser beams operating
at 935nm wavelength centered onto the ideal position of
the ion. Each of them is focused to a waist of approxi-
mately 70µm and powered by up to a few hundred milli-
watts. In the dipole trap we perform evaporative cooling
by lowering the laser intensity to reach Bose-Einstein con-
densates of 3×104 atoms. The trap frequencies of the op-
tical trap are ωx,opt = 2π×51Hz, ωy,opt = 2π×144Hz,
ωz,opt = 2π × 135Hz. We apply a homogeneous bias
magnetic field of less than 1G to prevent depolarization
of the neutral atomic sample. The cross-talk between
the trapping potentials for atoms and ions is measurable
but very small. The electric quadrupole field of the ion
trap provides a potential for the neutral atoms via the dc
5Stark effect. This gives rise to a weak anti-trapping har-
monic potential of approximately 10 Hz frequency which
does not significantly interfere with atom trapping. In
the time-of-flight images of the neutral atoms we observe
this anti-trapping potential as an additional acceleration
during expansion of the cloud. The effect of the optical
trapping potential onto the trapped ion is considerably
weaker and can be neglected.
C. Temperature measurements of the ion
We measure the temperature of the ion using a laser
fluorescence technique32,33. When illuminated with a
near-resonant laser beam a cold ion displays a high level
of fluorescence whereas a hot ion will exhibit smaller flu-
orescence due to the large Doppler shift. During the de-
tection the temperature of the ion will change due to
Doppler laser cooling and the fluorescence will increase
to its saturation value over a time span of several hun-
dred microseconds. We detect the time-resolved fluores-
cence of the ion on a photomultiplier tube using a binning
time of 25µs. The frequency of the detection laser is red-
detuned by ∆ = −Γ/2 from the S1/2 → P1/2 transition of
174Yb+ (Γ = 2π × 20MHz denotes the linewidth of the
atomic transition). We analyze the temporal increase
of the fluorescence by numerically calculating the solu-
tion of the time-dependent optical Bloch equations and
performing a thermal ensemble average33. The resulting
temperature is deduced by a χ2-fit to the time-resolved
data. For an ion laser cooled to the Doppler temperature
of TD = 0.5mK this measurement results in a temper-
ature of T = 0.2 ± 0.3K, indistinguishable from an ion
sympathetically cooled in a thermal bath, for which the
fluorescence method yields T = 0.3 ± 0.5K. The rela-
tively coarse temperature resolution of this method of a
few hundred mK is determined by photon shot noise and
the number of averages.
D. Determination of the scattering cross section.
We model the Bose-Einstein condensate with a den-
sity distribution n(~r) in the Thomas-Fermi approxima-
tion and with the ion pinned at the centre of the Bose-
Einstein condensate (~r = 0). The cross section σal for
atom loss has contributions from the scattering cross sec-
tion as well as from the spatial extend of the ion. The
cold ion locally depletes the condensate and the charac-
teristic velocity at which the condensate density read-
justs is velocity of sound c =
√
4π~2a0n(0)/m2Rb. Here
a0 = 5.45nm is the s-wave scattering length of the neu-
tral Rb atoms and mRb their mass. We assume that in
every collision an atom is lost from the trap since the vi-
brational level spacing of the ion trap is larger than the
potential depth of the optical dipole trap. In this model
the atom loss obeys the rate equation
dN
dt
= −15
3/5ω9/5m
4/5
Rb√
8πa
2/5
0 ~
4/5
σalN(t)
3/5 (1)
in which ω = (ωx,optωy,optωz,opt)
1/3. We fit the solution
of equation (1) to our data to extract the scattering cross
section σal.
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